Abstract Changes in DNA methylation across the life course may contribute to the ageing process. We hypothesised that some effects of dietary restriction to extend lifespan and/or mitigate against features of ageing result from changes in DNA methylation, so we determined if genes that respond to dietary restriction also show age-related changes in DNA methylation. In support of our hypothesis, the intersection of lists of genes compiled from published sources that (1) were differentially expressed in response to dietary restriction and (2) showed altered methylation with increased age was greater than expected. We also hypothesised that some effects of Sirt1, which may play a pivotal role in beneficial effects of dietary restriction, are mediated through DNA methylation. We thus measured effects of Sirt1 overexpression and knockdown in a human cell line on DNA methylation and expression of a panel of eight genes that respond to dietary restriction and show altered methylation with age. Six genes were affected at the level of DNA methylation, and for six expressions were affected. In further support of our hypothesis, we observed by DNA microarray analysis that genes showing differential expression in response to Sirt1 knockdown were over-represented in the complied list of genes that respond to dietary restriction. The findings reveal that
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Introduction
The epigenetic status of the genome changes across the life course. In general, the total methyl-cytosine content of the vertebrate genome decreases with age (Richardson 2003; Heyn et al. 2012) ; however, a longitudinal study revealed both decrease and increase in global DNA methylation among individual participants in two human cohorts over periods averaging 11 or 16 years (Bjornsson et al. 2008) . Age-related DNA hypomethylation occurs predominantly in repeated sequences (Fraga et al. 2007) and may contribute to an ageing cellular phenotype through promoting genomic instability Gaudet et al. 2003 ) and loss of telomere integrity (Gonzalo et al. 2006) . The increased mosaicism between cells in an ageing tissue resulting from stochastic methylation changes to the genome in individual cells may be a major factor in age-related decline in tissue function (reviewed in Mathers and Ford 2009 ). Site-specific changes in DNA methylation, potentially causal in ageing or related diseases through changes in gene expression, have also been observed as an epigenetic feature of ageing in humans using both gene-targeted analyses (Issa et al. 1994; Kwabi-Addo et al. 2007 ) and, more recently, pan-genomic approaches (Christensen et al. 2009; Rakyan et al. 2010; Teschendorff et al. 2010) . Likewise, changes in DNA methylation across the genome accompanied ageing in mice (Maegawa et al. 2010 ). Observed differences both in the total methylcytosine content of the genome and in DNA methylation at specific sites within monozygotic twin pairs that were greater in older than in younger pairs and in pairs who had spent more of their lives apart support the idea that environmental factors (likely to include diet) influence how DNA methylation patterns alter with age (Fraga et al. 2005) .
Dietary restriction (DR) can increase lifespan across evolutionarily distinct species, from yeast to rodents (Guarente and Picard 2005) , but there is uncertainty about the mechanisms underlying this response. Limited published evidence supports the premise that DR affects epigenetic marking, in particular DNA methylation. Transient global DNA hypomethylation in the liver and suppression of age-dependent changes in methylation of the c-myc oncogene were observed in mice in response to DR (Miyamura et al. 1993) , and hypermethylation of the c-Ha-ras oncogene in pancreatic acinar cells was observed in rats following DR (Hass et al. 1993 ). More recently, effects on DNA methylation in overweight human subjects in response to weight loss diets have begun to emerge. For example, three loci showed increased methylation over a 6-month intervention in subcutaneous adipose tissue in postmenopausal women (Bouchard et al. 2010) , and methylation at two loci in DNA from peripheral blood mononuclear cells was increased in men following reduced energy intake over 8 weeks (Milagro et al. 2011) .
Researchers have exploited the tractability of simpler model organisms to search for genes essential to the response to DR, but such studies have limitations with respect to elucidating the details of the response to DR in higher organisms-notably mammals-because different taxa do not necessarily employ common mechanisms to achieve this (presumably universally beneficial) adaptation. Research based on model organisms identified that the NAD-dependent (class III) histone deacetylase (HDAC) Sir2/sir2/dSir2 may be pivotal in mediating responses to DR. This premise is supported by observations including the abolition of lifespan extension by DR in mutants that do not express Sir2 in yeast (Lin et al. 2002) , Caenorhabditis elegans (Tissenbaum and Guarente 2001) and Drosophila (Rogina and Helfand 2004) . DR increased expression of Sirt1 (the mammalian homologue of Sir2) in several rodent tissues, including the liver, brain, heart and white and brown adipose tissues (Cohen et al. 2004; Nisoli et al. 2005) , and in human skeletal muscle (Civitarese et al. 2007 ) as well as in hepatoma cells treated with human serum from volunteers undertaking DR (Allard et al. 2008) . Another factor associated with an improved health trajectory during ageing reported to influence Sirt1 is physical activity, which opposed an age-related reduction in Sirt1 activity in the rat's heart (Ferrara et al. 2008; Corbi et al. 2012) and, in humans, resulted in changes in serum that induced an increase in Sirt1 activity in cultured endothelial cells following oxidative stress . Effects of transgenic expression and knockout of Sirt1 in mouse models are consistent with this gene playing a role in mediating beneficial biochemical and physiological effects associated with the response to DR in mammals . Several metabolic and physiological effects of DR were mimicked in a transgenic mouse model in which Sirt1 expression was increased in tissues including brown and white adipose tissues and the brain. These effects included reduced fasting concentrations of insulin, glucose and cholesterol and reduced adiposity (Bordone et al. 2007 ). In a different mouse model of Sirt1 gain of function, ubiquitous expression of the transgene improved glucose tolerance due to increased hepatic insulin sensitivity (Banks et al. 2008) . Sirt1 overexpression and knockout in the brain of mouse models revealed a role for Sirt1 in downregulating production of β-amyloid plaques in brain-the hallmark of Alzheimer disease . Associations between SNPs in SIRT1 and risk for type 2 diabetes and reduced insulin sensitivity were observed in humans (Dong et al. 2011) , and in other human subjects, higher Sirt1 mRNA expression in adipose tissue was associated with increased energy expenditure and insulin sensitivity (Rutanen et al. 2010) .
However, the view that Sirt1 plays a major role in lifespan extension in response to DR in nonmetazoans has been challenged. Genetic outcrosses involving strains of C. elegans that overexpress sir2 and have extended lifespan resulted in progeny that retained high sir2 expression but had normal lifespan, and genes other than sir2 co-segregated with longevity (Burnett et al. 2011) . Also, comparison of a transgenic Drosophila melanogaster strain with increased dSir2 expression with an appropriate transgenic control, as distinct from the corresponding wild-type strain, revealed that there was no difference in lifespan (Burnett et al. 2011) . Moreover, other signalling pathways, notably mTOR (Minor et al. 2010) and AMPK (Canto and Auwerx 2011) , are emerging as important mediators of lifespan extension in response to DR. In view of this controversy and the potential for developing pharmaceutical or nutritional approaches to mimic beneficial responses to DR, the importance of identifying mechanisms of action of Sirt1 and their relationship to responses to DR becomes paramount.
Sirt1 is catalytically active with respect to a range of substrates (additional to histone proteins), and there are numerous potential downstream targets of Sirt1 whose deacetylation may contribute to lifespan or healthspan extension. These targets include substrates such as p53, the transcriptional co-activator and orchestrator of mitochondrial biogenesis PGC-1α (Guarente and Picard 2005) and many other transcription factors . Other effects of Sirt1 relevant to effects on lifespan or healthspan are unrelated to deacetylation activity, including regulation of insulin secretion through binding to the promoter of the gene encoding mitochondrial uncoupling protein 2 (UCP2) (Bordone et al. 2006) . The mechanisms through which effects of Sirt1 activation on such targets translate into modulation of ageing and/or lifespan remain unclear. Based on its ability to deacetylate histone proteins (HDAC activity), we propose that modification of epigenetic marks are a likely result of increased Sirt1 activity and may contribute to effects on gene expression that maintain healthy cell and/or tissue function as mammals become older. To date, such effects have been overlooked, despite the very strong evidence that epigenetic changes are a feature of ageing.
Here, we address our hypothesis that Sirt1-mediated effects on DNA methylation mediate some of the lifespan-/healthspan-enhancing effects of DR (Wakeling et al. 2009; Ford et al. 2011 ) firstly by investigating if there is evidence for a link between genes affected by DR and genes that show altered DNA methylation with age, based on the analysis of lists complied from available published datasets. We then determined the effects of Sirt1 overexpression and knockdown in a human cell line model on the expression and DNA methylation of a panel of eight genes reported to show altered expression under conditions of DR and altered DNA methylation with age. Finally, we used DNA microarray analysis to identify the genes most responsive to altered Sirt1 expression in our human cell line model and investigated their relationship with genes that respond to DR.
Experimental procedures
In silico analysis Ensembl identifiers for mouse and human genes reported in all published microarray-based analyses used for the in silico analysis were matched with other forms of gene nomenclature using clone/gene ID converter (http://idconverter.bioinfo.cnio.es/) or Biomart ( http://www.ensembl.org/biomart/martview/ 222657faaccdeeeabbcb58a38d8902d7). Any genes not included on the Nimblegen mouse MM5 array (taken as the universal gene set) were excluded from all lists and not included in the analyses. All duplicates were removed before aligning gene lists to identify intersections between lists. Hypergeometric probability calculation was applied to determine if intersections between gene lists were statistically greater than those expected by chance, taking the total number of unique genes on the MM5 array (17,087) as the size of the universal gene set.
Plasmid constructs
Plasmid pCMV6-ENTRY-SIRT1, containing the human SIRT1 cds plus 3′-most region of the 5′UTR downstream of the CMV promoter, was purchased from Origene.
Culture and transfection of Caco-2 cells and human umbilical vein endothelial cells
Caco-2 cells were cultured under standard conditions as described previously (Cragg et al. 2002) . Human umbilical vein endothelial cells (HuVECs) were cultured in 75-cm 2 flasks pre-coated with 1 % gelatin (Sigma) and maintained at 37°C in a humidified atmosphere of 5 % CO 2 in air in Endothelial Cell Growth Medium-2 (2 % fetal bovine serum plus growth factors) (Lonza). Medium was replenished twice weekly. Transfection with plasmid constructs was, as reported previously (Jackson et al. 2007 ), performed using GeneJammer reagent (Stratagene), following the manufacturer's instructions, and 2 μg DNA and 4 μl (Caco-2 cells) or 5 μl (HuVECs) of GeneJammer reagent per well and seeding cells into six-well plates at a density of 3.5× 10 5 cells/well. siRNA-mediated knockdown of Sirt1 using Validated Stealth RNAi™ siRNAs (Invitrogen)-sequences GCAACAGCAUCUUGCCUGAUUUGUA and UCAUAGAGCCAUGAAGUAUGACAAA-was achieved using Lipofectamine RNAiMAX (Invitrogen) (4 μl/100 pmol RNAi duplex), following the manufacturer's instructions and seeding cells in sixwell plates at 3.5×10 5 cells/well. Comparative negative control cells were transfected under the same conditions with Stealth RNAi™ siRNA negative control LO GC (Invitrogen). For all experiments involving Caco-2 cell transfection, samples for analysis (protein and nucleic acid) were prepared 72 h posttransfection.
Preparation and analysis of RNA from Caco-2 cells RNA was prepared from Caco-2 cells using Trizol reagent (Invitrogen), following the manufacturer's instructions; then, integrity was confirmed (RIN 0 10) using an Agilent 2100 Bioanalyser. For reverse transcription quantitative real-time polymerase chain reaction (RT-qPCR), RNA was treated with DNAase (Roche; according to the manufacturer's instructions), and then, first-strand cDNA synthesis was carried using Moloney Murine Leukaemia Virus Reverse Transcriptase (Promega), following the manufacturer's instructions. Quantitative real-time PCR was carried out using the DNA Engine Opticon 2 (MJ Research), with 10 μl reactions set up in 96-well format containing Power SYBR Green PCR Master Mix (Applied Biosystems) and 0.5 μM of each primer (supplementary Table S1 ). After denaturing for 5 min at 95°C, 45 cycles with the following parameters were carried out: 95°C, 10 s; 52-60°C (annealing; see supplementary Table S1), 10 s; 72°C, 15 s. Relative concentrations of target and reference genes were calculated for Ct values on the basis of standard curves generated by using a serial dilution of cDNA from Caco-2 cells. PCR products were sequenced (Eurofins MWG Operon) to confirm identity to the expected products. Analysis of RNA by microarray hybridisation was carried out by Service XS (Leiden, The Netherlands). Following the first and second strand cDNA synthesis (reverse transcription), biotinlabelled RNA was generated in vitro, hybridised to the HumanHT-12 v4 Expression Bead Chip (Illumina) and detected using streptavidin Cy3. Data were imported into GeneSpring GX 11 (Agilent) for visualisation. Hierarchical clustering was used to assess the similarity of biological replicates. Probes were considered further if the detection of p value was >0.6 in all samples in a replicate group. Rank Products (http://www.ncbi.nlm.nih.gov/pubmed/15327980) analysis was used to determine differential expression between groups using the RankProd (http:// www.ncbi.nlm.nih.gov/pubmed/16982708) package from BioConductor (http://genomebiology.com/2004/ 5/10/R80) to report probes with a p.f.p of <0.05 over 100 permutations of the class labels with a resulting fold change of >1.5.
Preparation and analysis of protein from Caco-2 cells Total cell lysate from Caco-2 cells transfected with the human Sirt1 expression plasmid pCMV6-ENTRY-SIRT1, the corresponding vector (minus Sirt1 insert), human SIRT1 siRNA or negative control siRNA was prepared by scraping cells into ice cold phosphatebuffered saline (PBS) including protease inhibitor cocktail (Roche), then collecting by centrifugation and suspending in suspension buffer (100 mM NaCl, 10 mM Tris-HCl pH 7.5, 1 mM EDTA and one protease inhibitor cocktail tablet per 10 ml buffer). Protein concentration was determined against BSA standards using Bradford reagent (Bio-Rad Laboratories). For western blotting, proteins in total cell lysate were separated by SDS-PAGE and transferred by semi-dry blotting onto PVDF membrane (Amersham Hybond-P, GE Healthcare). Membranes were incubated for 16 h at 4°C in blocking buffer [5 % milk powder and 0.05 % (v/v) Tween-20 in × 1 PBS]; then, primary antibody was applied in blocking buffer [dilution of 1:200 for 1 h at room temperature for antiSirt1 antibody (Abcam; ab13749) and dilution of 1:5,000 for 1 h at room temperature for anti-α-tubulin antibody (Abcam; ab15246)]. After washing membranes in 0.05 % Tween in × 1 PBS, alkaline phosphatase-conjugated secondary antibody [anti-rabbit IgG (whole molecule) peroxidase conjugate; Sigma-Aldrich Ltd.; A0545] was applied at a dilution of 1:10,000 in blocking buffer for 1 h at room temperature. Membranes were developed after washing in 0.05 % Tween in × 1 PBS using Amersham ECL Reagent (GE Healthcare).
Preparation and analysis of DNA from Caco-2 cells DNA for methylation analysis by pyrosequencing was prepared using the QIAamp® DNA Mini kit (Qiagen) and treated with sodium bisulphite (EZ DNA Methylation-Gold™ kit; Zymo Research Corporation), to convert unmethylated cytosine bases to thymines. Pyrosequencing was carried out using a PyroMark Q96 ID System (Qiagen), using PyroMark Gold Q96 Reagents, according to the manufacturer's instructions. PCR products were generated using HotStarTaq Master Mix (Qiagen) using primers (0.25 μM each, one with a 5′ biotin label) and annealing temperatures as listed in supplementary Table S2 with the following cycling parameters: 95°C, 15 min; then 95°C, 15 s; 40-58°C (annealing), 60 s; 72°C 60 s for 50 cycles, followed by 72°C for 5 min. Where two pairs of primers are listed, the biotin-labelled PCR products for pyrosequencing were generated in a nested PCR reaction after using the first (outer) primer pair to generate a template PCR product from bisulphite-converted DNA. Where Qiagen PyroMark CpG Assays were used, biotin-labelled PCR products for pyrosequencing were generated directly from bisulphite-converted DNA. Sequencing primers are listed in supplementary Table S2 .
Results
The intersection between compiled lists of genes that showed altered expression in response to DR and changes in DNA methylation with age is greater than that expected by chance. We reasoned that if some effects of DR that oppose ageing are mediated through changes in DNA methylation patterns, then a larger number of genes than those expected by chance would both show a change in expression in response to DR and undergo changes in methylation with age. We thus compiled unbiased compatible gene lists from a common population (genes on the MM5 array to which Ensembl identifiers could be assigned) for genes found to be responsive to DR and found to show ageing-related changes in methylation status. Genes regulated by DR, leading to a change in abundance of the corresponding mRNA, were identified from published studies involving DR in mice (Lee et al. 2002; Higami et al. 2004; Massaro et al. 2004; Tsuchiya et al. 2004; Han and Hickey 2005; Dhahbi et al. 2006; Fu et al. 2006; Selman et al. 2006; Sharov et al. 2008; Swindell 2008; Wu et al. 2008) . We accepted for each published study the authors' list of regulated genes and used data regardless of tissue investigated. Genes reported to undergo changes in DNA methylation with age were identified from published studies in mice (Maegawa et al. 2010 ) and humans Christensen et al. 2009; Teschendorff et al. 2010) according to the criteria/threshold set by the authors and without selection of tissue type. Both gene lists were converted to Ensembl identifiers, and duplicates were eliminated to generate a single list of 2,613 genes reported to respond to DR and a list of 1,448 genes that showed altered DNA methylation with age all of which were represented on the MM5 array (total 17,087 genes for which we could assign Ensembl identifiers) (supplementary Table S3 ). We identified genes that were common to both lists and asked the question if the number of genes in this intersection between the two lists was statistically greater than that would be expected by chance. Two hundred and seventy-six genes appeared on both lists (supplementary Table S3 ), against a number expected by chance of 221 (i.e. 8.47 % (2,613/17,087) of the 2,613 genes found to respond to DR or 15.29 % (1,448/17,087) of the 1,448 genes found to show an ageing-related change in methylation status), giving a representation factor of 1.25 and cumulative hypergeometric probability of 4.5 × 10 −4 . Thus, our analysis indicates that genes that respond to DR are more likely than others to show changes in methylation status with ageing (or vice versa), consistent with DR affecting DNA methylation of genes relevant to ageing and thus supporting our overall hypothesis.
Manipulation of Sirt1 levels in a human cell line model affects DNA methylation and expression of genes identified by the in silico analysis. We proposed that effects on DNA methylation resulting from increased Sirt1 expression and/or activity may contribute to some beneficial effects of DR, so we sought direct evidence that changes in Sirt1 expression can affect DNA methylation. We therefore overexpressed human Sirt1 by transfection of a transgene (plasmid pCMV6-ENTRY-SIRT1; Origene) and used siRNA to reduce levels of Sirt1 expression in the human intestinal Caco-2 cell line. Sirt1 overexpression and knockdown in Caco-2 cells were confirmed at the mRNA level by RT-qPCR (Fig. 1a) and at the protein level by western blotting (Fig. 1b) . By pyrosequencing, we quantified methylation at CpG dinucleotides (methylation of two to nine individual cytosine residues per gene) upstream of the start of transcription in eight genes (CDC7, EIF5, IRX3, KLF3, PCYT1A, PTPRG, SLC39A4, TBX3) highlighted by our in silico analysis as likely targets of Sirt1-modified methylation with relevance to effects of DR on ageing by virtue of falling into the intersection of the two genes lists (i.e. having been observed to have altered expression under conditions of DR and to show a change in DNA methylation with age). We selected the panel of eight genes from the group of 276 genes showing altered expression under conditions of DR and changes in DNA methylation with age because they have also been reported to bind Sirt1 in mouse embryonic stem cells using a chromatin immunoprecipitation assay (Oberdoerffer et al. 2008 ). For CDC7, EIF5, IRX3 and PTPRG, these CpG dinucleotides were within regions meeting criteria for CpG islands (defined as 50 % GC content, 0.60 observed/expected CpG ratio and 200 bp minimum length and identified using CpGIE2.0 software (Wang and Leung 2004) ). We observed significant effects of Sirt1 manipulation on methylation of at least one CpG site (and up to three, with an effect at all three sites assayed within the TBX3 promoter) in six of the eight genes examined (Table 1) . We observed no effects of Sirt1 manipulation for PCYT1A and SLC39A4. In parallel with measurements of DNA methylation, we used RT-qPCR to determine if expression at the mRNA level of the same genes was affected by manipulation of Sirt1 expression levels. Significant changes in expression in response to altering the level of Sirt1 expression were observed at the mRNA level for six of the eight genes ( Table 2) . As proof of concept that the effects of Sirt1 manipulation on DNA methylation and gene expression are not exclusive to the Caco-2 cell line, we measured also effects of overexpression and knockdown on TBX3 DNA methylation and mRNA levels in HuVECs and observed effects on both parameters (supplementary Tables S5 and S6 ). We also investigated if manipulation of Sirt1 expression affected DNA methylation or expression of four genes that, according to our in silico analysis, showed no change in expression under conditions of DR and no alteration in DNA methylation with age. The four specific genes selected have functions similar to the six genes in the panel of eight genes we analysed that had been reported to show both effects and for which we measured Sirt1-dependent changes in DNA methylation and/or expression (EIF3L, a translation initiation factor (like EIF5); STK10, a kinase involved in cell cycle progression (like CDC7); PTPRA, a protein tyrosine phosphatase receptor (like PTPRG); SP3, a transcription factor (like KLF3, IRX3 and TBX3 and like KLF3, a zinc-finger protein). For all these genes, the CpG sites analysed were within regions meeting criteria for CpG islands, as defined above. DNA methylation was affected at all four gene loci (Table 1) . However, in contrast to the panel of eight "target" genes, for which expression of the majority (six) was affected, expression of only one of the four (EIF3L) differed according to the level of Sirt1 expression (Table 2) . If the percentage of "non-target" genes affected at the RNA level by Sirt1 manipulation (25 %) is the same as the chance of any gene being affected, then p00.0011 for the observation that six out of eight target genes showed altered RNA levels in response to Sirt1 manipulation. Conversely, if the percentage of target genes affected at the RNA level by Sirt1 manipulation (75 %) is the same as the chance of any gene being affected, then p00.047 for the observation that only one out of four non-target genes was affected. Together, these observations reveal a tendency for the expression of genes that show age-related changes in DNA methylation and/or altered expression under conditions of DR to be affected by levels of Sirt1 expression in the cell. The findings thus support our hypothesis that the beneficial effects of DR include changes in gene expression brought about by effects of Sirt1 on DNA methylation. Modulation of Sirt1 expression affects global patterns of gene expression in a human cell line model to mimic effects of DR. RNA samples derived from Caco-2 cells in which Sirt1 expression was reduced by use of siRNA (as above and see Fig. 1b, d ) and from Caco-2 cells treated with control siRNA were hybridised to DNA microarrays ]. The data are deposited in GEO with accession GSE30486. Using Rank Products analysis (http://www.ncbi.nlm.nih.gov/pubmed/ 16982708) on a quality filtered subset of microarray probes, we identified 94 genes whose expression was reduced ( Fig. 2a and supplementary Table S4 ) and 61 genes whose expression was increased (Fig. 2b and supplementary Table S4 ) by a factor of 1.5-fold or greater under conditions of Sirt1 knockdown. We could assign mouse Ensembl identifiers and confirm representation on the MM5 microarray for 107 of these genes (Fig. 2a, b) . Of these genes, 39 appeared on our list of 2,613 mouse genes that respond to DR (Fig. 2a) , giving a representation factor of 2.38 and hypergeometric probability of 6.09×10 −8 (Fig. 2c) .
Thus, the gene profile of Caco-2 cells affected by Sirt1 .001 compared with SIRT1 overexpression, by Kruskal-Wallis followed by Dunn's multiple comparison tests manipulation matches (to an extent substantially greater than is expected by chance) the genes that respond to DR across a range of different mouse tissues. These findings indicate that altering Sirt1 expression evokes changes in the gene expression profile which mimic a component of the change in profile observed in response to DR and so support the view that Sirt1 plays a role in the response to DR.
Discussion
We present an in silico analysis revealing that commonality between lists of genes (number of genes in the intersection) with expression affected by dietary restriction and those showing altered methylation with age is greater than that expected by chance. This observation is consistent with the idea that some effects of DR may be mediated through altered patterns of methylation to oppose age-related changes in gene expression and, therefore, in cell and tissue function.
To explore the idea that Sirt1 may play a role in this relationship, we manipulated expression by using a human SIRT1 transgene or by siRNA-mediated knockdown in human intestinal Caco-2 cells. We chose Caco-2 cells for these studies because the dataset used for the in silico analysis was derived from multiple tissues including intestine for both DRresponsive genes (Selman et al. 2006 ) and genes showing ageing-associated changes in methylation (Maegawa et al. 2010 ). In addition, we chose the Caco-2 cell line based on pragmatic considerations including ease of transfection and our previous observations that methylation status of gene promoter regions in this model affects transcriptional activity of the corresponding genes (Coneyworth et al. 2009 ).
We investigated effects of overexpression or knockdown of human Sirt1 in Caco-2 cells and detected changes in methylation at specific CpG sites in six of the eight target genes in our panel that we had selected from the intersection of the two datasets identified through our in silico analysis. Methylation was measured at only a small number of CpG sites within the genes, so our data do not exclude the possibility that the methylation status of CpG sites not captured in our assays for PCYT1A and SLC39A4, in which we detected no effect of Sirt1 on DNA methylation, was Values for the control condition were derived through combining the data for controls for Sirt1 overexpression (plasmid minus Sirt1 transgene insert) and knockdown (control siRNA), which did not differ. Data are expressed relative to the mean for two reference genes -GAPDH and WNT11-and are normalised to the control condition *p<0.05; ***p<0.001 compared with control; # p<0.05; ## p<0.01; ### p<0.001 compared with SIRT1 overexpression, by one-way ANOVA followed by Tukey's post test AGE (2013 AGE ( ) 35:1835 AGE ( -1849 affected by manipulation of Sirt1 levels. We selected the panel of eight genes from the group of 276 genes in the intersection on the basis that they were reported to bind Sirt1 in mouse embryonic stem cells using a chromatin immunoprecipitation assay (Oberdoerffer et al. 2008) . In contrast, four comparator non-target genes (outside the intersection of gene lists identified though our in silico analysis), for which we also measured effects of Sirt1 manipulation on DNA methylation, were not highlighted as sites of Sirt1 binding (Oberdoerffer et al. 2008) . The fact that the two gene groups proved to be indistinct with respect to effects of Sirt1 expression level of DNA methylation (all four non-target genes were affected) may indicate that effects of Sirt1 on DNA methylation are mediated through a "remote" or indirect mechanism, or (more likely) that the Sirt1 forms either transient associations with regions of the genome to affect DNA methylation or forms associations in mouse ES cells that are at different sites to those in Caco-2 cells.
We observed effects on mRNA levels of six of the eight genes that fall into the intersection of our compiled lists of genes that underwent age-related changes in DNA methylation and for which DR affected expression (target genes), but only one of four genes for which we identified no evidence of either effect. This apparent greater tendency for the expression of target genes to be affected by Sirt1 level, is consistent with our hypothesis that the response to DR includes Sirt1-mediated effects on gene expression. The fact that there was no bias between the two gene panels with respect to co-incident effects of Sirt1 on DNA methylation does not rule out the possibility that effects of Sirt1 on expression are mediated through DNA methylation. Dissociation between measured effects of Sirt1 on DNA methylation and expression of genes may be explained through a process whereby Sirt1 levels affect DNA methylation across the genome, but where "hits" at some specific sites only have consequences for gene expression, whereas others are "silent". The same argument may also explain the fact that we observed almost identical responses of TBX3 mRNA to Sirt1 manipulation in HuVECs as in Caco-2 cells, but different effects on DNA methylation of this gene. Demonstrating causal linkage between specific changes in gene methylation and expression remains a challenge that must be met to gain a comprehensive understanding of this mode of gene regulation. Determining effects on expression in cell line models of pharmacological modification of genome methylation (e.g. use of 5-aza-2′-deoxycytidine) gives information limited by the fact that methylation status cannot be controlled at the level of individual CpGs. Development and refinement of in vitro approaches based on methylation of promoter sequences driving expression of a (methylation silent) reporter gene (e.g. Coneyworth et al. 2009 ) may improve precision in this regard and, coupled with a more complete profile of the Sirt1-associated change in methylation of individual CpGs across specific genes, may determined if Sirt1-modified DNA methylation has functional consequences.
The changes in DNA methylation that we observed in response to altered levels of Sirt1 expression, although statistically significant, were small. In some cases, these differences were at CpG sites that showed low levels of methylation (e.g. EIF5 2 to 5 %) and, in other instances, at CpG sites that showed high levels of methylation (e.g. TBX3 77 to 91 %). Sirt1 overexpression in Caco-2 cells was achieved by transient transfection, which results in a substantial population of the cells assayed, remaining untransfected and so still having basal levels of Sirt1 expression. Thus, a substantial fraction of the DNA analysed will have retained background patterns of methylation, so the actual percentage changes in CpG site methylation in transfected cells will be larger than the values measured here which refer to DNA from the mixed population of transfected and "native" cells. Attempts to achieve stable overexpression of Sirt1 in Caco-2 cells were unsuccessful. Nonetheless, the changes in DNA methylation induced by Sirt1 manipulation may have been modest. There is wide discussion about whether or not such changes, which are typical responses to other dietary manipulations or changes seen in ageing, are likely to have functional consequences with respect to gene expression. Because DNA methylation is a binary phenomenon (a specific CpG site is either Genes expressed differentially in response to Sirt1 siRNA with ENSEMBL mouse identifiers and on the MM5 array (n = 107) DR-responsive genes on MM5 array expressed differentially in response to Sirt1 siRNA(n = 39; P = 6.1 x 10-8) methylated or not methylated in a single cell), then any change within a single cell is a large change, and differences in percentage methylation reflect a shift in cell population, so it may have biological consequences at the level of tissue function.
To investigate the response of the transcriptome to a change in Sirt1 expression, we carried out analysis by microarray hybridisation of DNA from Caco-2 cells in which human Sirt1 expression was reduced by siRNA. We observed that the number of genes whose expression was affected by this manipulation that also appeared on our compiled list of DR-responsive genes was larger than that expected by chance, supporting the view that Sirt1 is a key mediator of the response of mammalian cells to DR and also validating Caco-2 cells with altered Sirt1 expression as an in vitro model of DR. Our list of genes affected by DR was compiled from measurements made in multiple tissues. Studies in which gene responses to DR in multiple tissues, which have been measured, have revealed that not only are some responses tissue specific, but that the same genes show opposite changes in different tissues (Fu et al. 2006; Selman et al. 2006) . Therefore, in this analysis, we did not take into account the direction of gene responses to reduced Sirt1 expression.
Pathway analysis based on a relatively small number of regulated genes is not robust, so we do not present such an analysis in full. Nonetheless, it is of note that canonical pathways affected by human Sirt1 knockdown identified using the Ingenuity tool included "Metabolism of Xenobiotics by Cytochrome P450" as the fourth ranked match (−log (p value)02.9; ratio0 3.48×10
−2 ), with the affected genes being CYP51A1
(a cytochrome P450), AKR1C1/AKR1C2 (an aldo-keto reductase), UGT1A6 (a UDP-glucuronosyltransferase) and GSTA1 (glutathione S-transferase). We highlight this observation because a transcriptomic screen to identify C. elegans genes expressed differentially in both the long-lived dauer larva and the daf-2 insulin/ insulin-like growth factor-1 receptor long-lived mutant, compared with the wild-type adult, identified upregulation of genes involved in xenobiotic metabolism, specifically cytochrome P450, short-chain dehydrogenase/reductase, UDP-glucuronosyltransferase and glutathione S-transferase (McElwee et al. 2004) . The authors proposed a plausible hypothesis to explain this observation-i.e. that lifespan is prolonged by enhanced metabolism of xenobiotics that would otherwise cause molecular damage. These parallel observations support the contention that Sirt1 may reduce aspects of the ageing cellular phenotype through a similar protective mechanism. Clearly, there is a need for further research into effects of DR on epigenetic modifications and their downstream consequences, including tissuespecific effects, and into how interactions between effects within different tissues contribute to the physiological adaptation to DR at the level of the whole organism that extends healthspan/lifespan. Addressing this challenge will require systems biology approaches to use the extensive data already available to generate hypotheses on which to base design of experiments to begin to uncover these interactions (Kirkwood 2008) . Recent observations, including that increased lifespan in response to DR in mice may be strain specific (Liao et al. 2010) , and that transgenic Sirt1 overexpression has thus far not been reported to increase lifespan, may point towards the relevance of research aimed to elucidate mechanisms of Sirt1 action which reduce features of ageing, including invoking beneficial metabolic effects that increase "healthspan" rather than extend lifespan per se.
In conclusion, our in silico analysis and the effects we observed as a consequence of human Sirt1 manipulation on both gene methylation and expression in a cell line model support the view that Sirt1-mediated effects of DR include altered DNA methylation. These findings provide impetus for further research to address the extent to which such effects are pivotal in responses to DR in species with methylated genomes. Establishing a central role for effects of altered DNA methylation in the response to DR would reveal that different taxa invoke a range of different mechanisms to extend lifespan under such conditions. Profiling the effect of Sirt1 manipulation on DNA methylation across the genome-in both cell line and transgenic mouse models-may be illuminating, and further investigation of the effect of DR on DNA methylation in rodent models-taking advantage of new techniques for genome-wide measures of site-specific methylation-is warranted.
